Respiratory syncytial virus (RSV) is a major cause of virus-induced respiratory disease and hospitalization in infants. Palivizumab, an RSV-neutralizing monoclonal antibody, is used clinically to prevent serious RSV-related respiratory disease in high-risk infants. Motavizumab, an affinity-optimized version of palivizumab, was developed to improve protection against RSV. These antibodies bind RSV F protein, which plays a role in virus attachment and mediates fusion. Determining how these antibodies neutralize RSV is important to help guide development of new antibody drugs against RSV and, potentially, other viruses. This study aims to uncover the mechanism(s) by which palivizumab and motavizumab neutralize RSV. Assays were developed to test the effects of these antibodies at distinct steps during RSV replication. Pretreatment of virus with palivizumab or motavizumab did not inhibit virus attachment or the ability of F protein to interact with the target cell membrane. However, pretreatment of virus with either of these antibodies resulted in the absence of detectable viral transcription. These results show that palivizumab and motavizumab act at a point after F protein initiates interaction with the cell membrane and before virus transcription. Palivizumab and motavizumab also inhibited F protein-mediated cell-to-cell fusion. Therefore, these results strongly suggest that these antibodies block both cell-to-cell and virus-to-cell fusion, since these processes are likely similar. Finally, palivizumab and motavizumab did not reduce viral budding. Based on models developed from numerous studies of viral fusion proteins, our results indicate that these antibodies may prevent conformational changes in F protein required for the fusion process.
Respiratory syncytial virus (RSV) is classified into the subfamily Pneumovirinae within the Paramyxoviridae family of enveloped, single-stranded, and negative-sense RNA viruses (13) . RSV infection can result in severe lower respiratory tract disease requiring hospitalization. Populations considered at high risk for developing severe RSV respiratory disease include premature infants and infants with chronic lung or congenital heart diseases (34) . However, most patients hospitalized for RSV infection are healthy infants with no known risk factors (7) . In addition to the potential development of RSVinduced respiratory disease upon acute infection, a history of RSV infection alone or in conjunction with other risk factors may predispose infants to chronic wheezing or asthma later in life, as reviewed by Hansbro et al. (21) . RSV is highly prevalent, with yearly epidemics lasting five to 7 months and generally spanning the winter season of a particular region (13) . Over half of all children are seropositive by 1 year of age, and nearly all children are seropositive by 2 years of age (41) . Despite the presence of anti-RSV antibodies in the population, lifelong reinfection is a hallmark of RSV (13, 18) .
RSV is considered an important target for antiviral development. Unfortunately, previous vaccine attempts have failed to elicit a long-lived protective immune response, and there is currently no approved vaccine against RSV (11) . Treatment for RSV infection is limited to ribavirin, a nonspecific antiviral that interferes with virus transcription (30, 42) . However, side effects associated with the use of ribavirin and historical debate surrounding its efficacy illustrate the need for more potent and safe therapeutics to treat RSV infection (30, 42) . Palivizumab, a humanized monoclonal antibody, is approved for immunoprophylactic use to prevent RSV-induced respiratory tract disease in high-risk infants (27, 52) . Motavizumab, an affinityoptimized monoclonal antibody developed from palivizumab, has been evaluated clinically (43, 51, 52) . Preclinical in vitro studies show that palivizumab and motavizumab neutralize RSV replication in cell culture when virus is pretreated with either of these antibodies (27, 51) . In addition, palivizumab reduces virus replication in cell culture when added after infection commences (27) ; such an effect for motavizumab has not been published yet. Preclinical in vivo studies show that prophylaxis with palivizumab or motavizumab reduces RSV replication in the lower respiratory tracts of cotton rats (27, 51) . Furthermore, motavizumab reduces RSV replication in the upper respiratory tracts of cotton rats (51) . Finally, clinical trials show prophylaxis with palivizumab or motavizumab helps reduce RSV-related hospitalizations of at risk infants (43, 50) .
The precise molecular mechanisms of action of palivizumab or motavizumab are not known. Understanding the mechanism of action of these antibodies at a molecular level might guide development of better inhibitors of RSV F protein, as well as inhibitors of other similar viral fusion proteins (10, 28, 31, 35, 40, 44, 57) . Palivizumab and motavizumab bind to the antigenic A site of the F protein (4), a glycoprotein found on the surface of RSV (13) . The F protein participates in viral attachment (48) and mediates the process of fusion between the virus and cell membranes, as well as between infected cell membranes, resulting in syncytium formation (13) . Therefore, it is most likely that one or more of these steps in RSV replication is inhibited by palivizumab and motavizumab. A study by Osiowy and Anderson shows that convalescent human serum contains antibodies that inhibit RSV attachment; however, the virus protein targeted by these antibodies was not determined and may have been the result of either anti-F protein, anti-G protein, or anti-SH protein antibodies (37) . Small molecule inhibitors of RSV F protein have been shown to inhibit both attachment and fusion (23, 39) or fusion alone (12, 15) . Therefore, assays were designed to individually test whether palivizumab or motavizumab inhibit virus attachment, virus-tocell fusion, and cell-to-cell fusion. In addition to its role in virus attachment and fusion, F protein is one of the minimally required RSV proteins necessary to produce viral particles (49) . Although there is no precedent for an antibody to inhibit virus budding, it is conceivable that these antibodies could inhibit budding, since both palivizumab (53) and motavizumab (data not published) bind F protein on the surfaces of infected cells. Therefore, an assay was designed to test this possibility as well.
We examined the step(s) in virus replication affected by palivizumab and motavizumab. The results show that palivizumab or motavizumab did not inhibit virus attachment or F protein interaction with the cell membrane; however, these antibodies did inhibit virus transcription. In addition, palivizumab and motavizumab inhibited cell-to-cell fusion but did not affect virus budding. These results suggest that palivizumab and motavizumab block fusion, most likely through inhibiting the conformational changes in F protein required for this process.
MATERIALS AND METHODS

Cells and viruses.
HEp-2 cells were maintained in minimal essential medium (MEM) supplemented with 5% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml (all from Invitrogen). Vero cells were maintained in MEM supplemented with 10% heatinactivated FBS, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml. TREx-F is a 293-derived cell line that maintains stable, tetracycline-inducible expression of F protein created with the Flp-In TREx system available from Invitrogen. TREx-F cells were maintained on poly-lysine-coated flasks and plates (Becton Dickson) in Dulbecco modified Eagle medium containing high glucose and 2 mM glutamate (Invitrogen) supplemented with 10% tetracycline-approved FBS (Clontech), 100 U of penicillin/ml, 100 g of streptomycin/ml, 15 g of blasticidin (Invitrogen)/ml, and 150 g of hygromycin (Invitrogen)/ml. For the induction of F protein expression, 15 g of tetracycline (Teknova)/ml was added to the medium. All cultures were grown in 5% CO 2 at 37°C.
TREx-F cells were modified to constitutively express either a green or red fluorescence protein. Cells, plated 1 day prior at 10 6 cells/well in six-well plates, were transfected with either ZsGreen-C1 or AsRed-C1 expression vectors (Clontech) by using 4 g of DNA and 5 l of Lipofectamine2000 (Invitrogen) according to Invitrogen's protocol. Transfected cells were placed under 500 g of Geneticin (Invitrogen)/ml selection for the presence of the vector. Cells that survived selection were pooled and cloned by limiting dilution and fluorescenceactivated cell sorting on an Aria II instrument (BD Biosciences). The resulting cell lines, TREx-F green and TREx-F red, were maintained in TRex-F growth medium containing 500 g of Geneticin/ml.
The RSV A Long strain was propagated in HEp-2 cells by infecting a freshly prepared confluent monolayer of HEp-2 cells at a multiplicity of infection (MOI) of 0.2. Virus was harvested at 48 h postinfection by sonicating supernatants and scraped cells twice at 50% power, followed by centrifugation to pellet the cell debris. An equal volume of 50% sucrose in water solution (wt/vol) was added to the virus supernatant, divided into aliquots, flash frozen in a dry ice-ethanol bath, and stored at Ϫ80°C.
Recombinant RSV B 9320 and 9320⌬G (RSV B and RSV B⌬G) was constructed and rescued in a manner similar to that previously reported for recombinant RSV A2 (26) . Antigenomic cDNA spanning the entire RSV 9320 genome was assembled by sequential ligation of six cDNA fragments generated from reverse transcriptase (RT) and PCR of RNA isolated from supernatants of cells infected with RSV B 9320 using Pfu polymerase (Stratagene) and subcloned into the pET vector (Novagen), modified to contain unique restriction enzyme sites (XmaI, AvrII, SacI, BamHI, and NotI). To facilitate the cloning process, several modifications of restriction sites were performed without changing the corresponding amino acid sequences. SacI sites at nucleotides (nt) 2305, 10371, and 14946 and the BamHI site at nt 11684 were removed; a SacI site was introduced at nt 4498. In addition, a single C-to-G nucleotide change at the fourth position of the leader sequence was also obtained by mutagenesis. Hepatitis delta virus ribozyme (RBZ) and T7 RNA polymerase terminator sequences were amplified by PCR from RSV A2 antigenomic cDNA (26) and ligated to the trailer sequence of the RSV B 9320 antigenome. To construct 9320 antigenomic cDNA that lacked G protein, deletion mutagenesis was performed on the subcloned fragment that encoded the G protein by using an ExSite PCR-based site-directed mutagenesis kit (Stratagene) and cloned in place of the fragment that contained G protein in the antigenomic cDNA containing plasmid. To recover 9320 viruses by reverse genetics, the N, P, and L genes of 9320 were cloned into pCITE vector (Novagen) under the control of T7 RNA polymerase promoter. HEp-2 cells were infected with MVA-T7 (provided by Bernard Moss and amplified in CEK cells) at an MOI of 5.0 and transfected with 0.4 g of pN, 0.4 g of pP, 0.2 g of pL, and 0.8 g of plasmids encoding 9320 or 9320⌬G antigenomic cDNA by Lipofectamine 2000 (Invitrogen). Three days after transfection, culture supernatants were used to infect Vero cells to amplify recovered viruses. Six days after infection, culture supernatants were harvested, and virus-infected cells were identified by immunostaining with polyclonal anti-RSV A2 serum (Biogenesis). Recombinant viruses from culture supernatants were plaque purified and amplified in Vero cells. Stocks of both RSV B and RSV B⌬G were propagated in Vero cells in a manner similar to that described for RSV A Long, except the virus was grown at 35°C for 3 to 4 days or until 70% or more of the cells exhibited a cytopathic effect.
Attachment assay. The attachment assay used in the present study was adapted from the immunofluorescence assay of Budge et al. (9) and modified into a 96-well enzyme-linked immunosorbent assay (ELISA) format. The virus was mixed with HEp-2 medium containing palivizumab, motavizumab, or heparin (Sigma), a known inhibitor of virus attachment (20) , in a 96-well plate, followed by incubation for 2 h at 37°C and then cooled for 1 h at 4°C. Working on ice, medium was removed from precooled HEp-2 cells, plated at 2 ϫ 10 4 cells/well in a 96-well plate 48 h prior, and replaced by the virus mixtures. The cells and virus mixtures were incubated for 2 h at 4°C, which allowed for virus attachment but prevented fusion (45) . Working on ice, the cells were washed three times with chilled phosphate-buffered saline (PBS). The cells were fixed with chilled 3.7% formalin in PBS for 15 min at 4°C, followed by one manual wash with chilled PBS prior to ELISA for detection of attached virus. Samples were blocked with 5% bovine serum albumin (BSA) in PBS for 1 h at 37°C. Mouse anti-RSV F protein (Chemicon catalogue no. 858-1) diluted 1:6,400 in a solution of 0.1% Tween 20 in PBS (PBST) containing 5% BSA and incubated at 37°C for 1 h following the block. The wells were manually washed two times with PBST containing 5% BSA and two times with PBST only, allowing 5 min for each wash with shaking to decrease background effects. A 100-l portion of biotinylated goat anti-mouse IgG (Southern Biotech) diluted 1:10,000 in PBST was incubated at 37°C for 1 h. After a washing step with PBST using a plate washer, SA-HRP (Amersham-GE) diluted 1:80,000 in PBST was added to each well, followed by incubation at 37°C for 1 h. After a washing step with PBST using a plate washer, TMB microwell peroxidase substrate (KPL) was added to the wells, followed by incubation at room temperature for 20 min. The reaction was stopped with 2 N H 2 SO 4 , and the absorbance at 450 nm was read with a Spectromax 340 PC plate reader (Molecular Devices). The assay was performed with RSV A Long, RSV B, and RSV B⌬G at an MOI of 5, 0.02, and 0.16, respectively. The lower MOIs for the RSV B experiments were due to low titers of these virus stocks.
Lipid mixing assay. A lipid mixing assay modified from several previous studies (36, 39, 45) was performed using RSV labeled with R18, a lipophilic dye. Fresh virus supernatant from infected HEp-2 cells was harvested as described earlier with the exception that sonicated supernatants were clarified by two consecutive centrifugation steps at 2,885 ϫ g for 20 min. R18 (Invitrogen), a lipophilic dye that is self-quenching at saturating concentrations, was solubilized in ethanol and added to the virus supernatant at a final concentration of 10 M. This concentration was determined to be the maximum amount of R18 that could be used to label virus without significant loss of infectivity. The virus and R18 mixture was rocked gently for 1 h at room temperature. To remove excess R18 and labeled debris, the labeled virus was purified once over a sucrose gradient. The labeled virus was pelleted by centrifugation at 8,000 ϫ g at 4°C VOL. 84, 2010 MOTAVIZUMAB AND PALIVIZUMAB INHIBIT FUSION 8133 overnight. The virus pellet was resuspended in 21 ml of Opti-MEM containing 50 mM HEPES and 100 mM MgSO 4 and then layered onto 10 ml of a 30% sucrose solution (wt/vol) containing 50 mM HEPES, 100 mM MgSO 4 , and 150 mM NaCl, followed by 4 ml of 60% sucrose solution containing 50 mM HEPES, 100 mM MgSO 4 , and 150 mM NaCl. The sucrose gradient was spun in an ultracentrifuge (Beckman Coulter) using an SW28 rotor for 100 min at 25,000 rpm (average, 82,705 ϫ g) at 4°C. The virus band at the interphase between the 30 and 60% sucrose solutions was collected, and an equal volume of Opti-MEM containing 50 mM HEPES and 100 mM MgSO 4 was added so that the virus stocks contained Յ25% sucrose, which is standard. The labeled virus was divided into aliquots, frozen in a dry ice-ethanol bath, and stored at Ϫ80°C. Labeled mock stocks were generated from uninfected HEp-2 cells in 10 T150 flasks in the same manner. A band at the interphase between the 30 and 60% sucrose solutions was evident in the sucrose gradient preparation of the labeled mock stock, indicating some excess R18 and/or R18 associated with other cell contents were copurified with virus. Therefore, the labeled mock preparation accounts for the background amount of fluorescence due to excess dye or copurified cellular content associated with R18.
To detect virus-to-cell fusion, purified labeled virus was mixed with medium containing palivizumab, motavizumab, or heparin and incubated at 37°C for 2 h. The virus mixtures were added to HEp-2 cells plated the day before at 2.5 ϫ 10 5 cell/well in a 24-well plate at an MOI of 0.02. Infections were carried out at room temperature or 4°C with gentle rocking for 1 h. The infections performed at 4°C were washed at this point. For all other infections, the inoculum was replaced by growth medium containing palivizumab, motavizumab, or heparin, and the cells were incubated for 3 h at 37°C to allow for complete virus-to-cell fusion (48) . The cells were treated with trypsin, washed, and prepared for flow cytometric analysis in PBS containing 0.5% BSA and 5 mM EDTA. Flow cytometry was performed on an LSR II instrument (BD Biosciences) using FACSDiva software (BD Biosciences). Fluorescence detected in the phycoerythrin channel was collected, and the data analyzed by using FlowJo software (Tree Star, Inc.).
Assay for detection of virus transcription. One million PFU of RSV and inhibitors were incubated at 37°C for 2 h. HEp-2 cells, seeded the day before at 10 6 cells/well in a six-well plate, were infected with the virus mixtures at room temperature for 1 h with gentle rocking. Inoculum was removed, and growth medium containing inhibitors was added to the cells. Infections carried out at 4°C, as described earlier, were also included in the experiment. At 6 and 24 h postinfection (hpi), the cells were washed three times with of PBS, RLT from the Qiagen RNeasy Plus kit was added, and the samples were frozen at Ϫ80°C until total RNA was purified from the samples by using the Qiagen RNeasy Plus kit. These time points were chosen to observe an increase in newly synthesized viral transcripts over the course of infection. To specifically target transcripts in a two-step quantitative PCR, the first-strand synthesis was carried out using the adapter primer, AP, from the 3ЈRACE (3Ј rapid amplification of cDNA ends) kit available from Invitrogen. This reaction was carried out by using the AccuScript high fidelity kit from Stratagene according to the manufacturer's protocol with ϳ1 g of RNA. A relative quantitative PCR for RSV NS1 gene transcript was achieved using a forward primer specific for NS1 (5Ј-CACAACAATGCCAGT GCTACAA-3Ј) and the abridged universal adapter primer, AUAP, from the 3ЈRACE kit as the reverse primer. Reactions were set up by using the SYBR green core reagents kit (Applied Biosystems) with 2.5 l of cDNA, 2 mM MgCl 2 , and 10 pmol of each primer in a 25-l reaction. Only a single band was detected by agarose gel analysis of reactions performed as described previously (data not shown). For normalization, a quantitative PCR was carried out simultaneously for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) using an "assay-ondemand" primer-probe set available from Applied Biosystems, a TaqMan universal PCR master mix (Applied Biosystems), and 2.5 l of cDNA in a 25-l reaction. Reactions were run on an Applied Biosystems 7900HT instrument on fast mode using a thermal cycling profile that included a 10-min initial denaturation step at 95°C, followed by 40 cycles of a 10-s denaturation step at 95°C and a 30-s annealing and polymerization step at 67°C. All reactions were run in duplicate, and data were collected analyzed using SDS software version 2.2.2 (Applied Biosystems).
Cell-to-cell fusion assay. A cell-to-cell fusion assay was developed much like other assays that have been reported for RSV (8, 16, 19) , as well as for HIV (24) . TREx-F green and red cells were plated together at 5 ϫ 10 5 each/well in a six-well plate. After 24 h, the medium was replaced by medium containing palivizumab or motavizumab and tetracycline, to induce F protein expression and syncytium formation. Cultures were analyzed 55 h postinduction by fluorescence microscopy for visualization of syncytium formation. This time point was chosen because the maximum amount of double positive cells was observed at 55 h postinduction in preliminary time course experiments (data not shown). All images were acquired by using a Nikon TE2000-E microscope (Nikon Instruments, Inc.) with a 10ϫ NA 0.25 objective. The system was equipped with a Cool Snap ES 2 camera (Photometrics) driven by NIS-Elements AR 3.0 (Nikon). A Nikon B-2 E/C fluorescein isothiocyanate (FITC) filter with an excitation of 465 to 495 nm was used for visualizing green fluorescence and a Nikon G-2E/C filter with an excitation of 528 to 553 nm was used for visualizing the red fluorescence. These images were enhanced by altering the contrast, brightness, and CMY color curves using Adobe Photoshop, and these alterations were applied equally to all images. Cells were released from the plate using nonenzymatic cell dissociation buffer (Invitrogen) and then washed and prepared for flow cytometric analysis in PBS containing 5 mM EDTA and 0.5% BSA. Flow cytometry was performed on an LSR II instrument (BD) using FACSDiva software (BD). The samples were gated on forward scatter and side scatter to include only intact cells and eliminate debris. The remaining cells were analyzed for fluorescence detection in the FITC and phycoerythrin (PE) channels, followed by data analysis with FlowJo software (Tree Star, Inc.).
Assay to detect virus budding. A PCR approach to detect genomes in the supernatants of virus-infected cultures was developed. HEp-2 cells were infected at an MOI of ϳ0.5 with RSV Long at 37°C for 1 h with gentle rocking. The inoculum was removed, and growth medium was added to the cells. The medium was replaced at 6 hpi by medium containing palivizumab, motavizumab, or ribavirin. Infections were further incubated for 21 to 23 more hours, until syncytia were present, but minimal cell lysis had occurred. Budded virus was collected as supernatants, which were centrifuged to remove debris, divided into aliquots, and frozen at Ϫ80°C. Supernatants were thawed, and RNA was purified from 140 l by using a QiaAMP viral RNA kit (Qiagen) with an elution volume of 50 l. A cDNA synthesis was carried using the AccuScript high-fidelity kit from Stratagene according to the manufacturer's protocol for random primers amplification with 5 l of purified RNA. A relative quantitative PCR for RSV genome and antigenome was achieved with a primer and probe set designed and manufactured by Applied Biosystems that targets the intergenic region of SH and G (forward primer 5Ј-GCAAACCACCATCCATACTATAAAGTAGT-3Ј; reverse primer, 5Ј-TTTGCATTTGCCCCAACGTTATT-3Ј; FAM-labeled probe, 5Ј-ATGAACTAGGATATCAAGACTAAC-3Ј). The intergenic region between the SH and G genes was chosen because it experiences a relatively low level of readthrough phenomena (22) . In addition, a quantitative PCR for GAPDH was included by using an "assay-on-demand" primer and probe set from Applied Biosystems. The GAPDH quantitative PCR serves as the endogenous control for cell lysis, resulting in the release of viral transcripts that were not actually budded. The reactions for both genome and GAPDH included the primer and probe sets with TaqMan universal PCR master mix (Applied Biosystems) and 4 l of cDNA in 20-l reactions and were carried out simultaneously. The quantitative PCR was run on an Applied Biosystems 7900HT instrument with a thermal cycling profile consisting of an initial 10-min denaturation step at 95°C, followed by 40 cycles of a 10-s denaturation step at 95°C and a 30-s annealing and polymerization step at 60°C. All reactions were run in duplicate, and the data collected were analyzed for relative quantitation using SDS software version 2.2.2 (Applied Biosystems).
RESULTS
Attachment of RSV to target cells is not inhibited by pretreatment with palivizumab or motavizumab. The stages of RSV replication potentially affected by neutralizing antibodies directed against F protein are most likely those that occur on the outside of the cell, such as virus attachment, virus-to-cell fusion, cell-to-cell fusion, and virus budding. Therefore, we first tested whether palivizumab or motavizumab can inhibit virus attachment. To this end, the immunofluorescence assay of Budge et al. (9) was adapted into an ELISA format. This assay was performed at 4°C, which allows virus attachment but prohibits virus-to-cell fusion (45) . HEp-2 cells were used as the target for attachment since this cell line is permissive for RSV replication. Heparin, a known inhibitor of virus attachment (20) , was included as a control. Antibodies and heparin were titrated from 100 g/ml down to 0.1 g/ml (Fig. 1) . This assay was first performed with RSV A Long (Fig. 1A) . As expected, heparin inhibited virus attachment in a dose-dependent manner (Fig. 1A) . However, neither motavizumab nor palivizumab inhibited virus attachment, even at concentrations 2 to 3 logs above their reported respective 50% inhibitory concentrations (IC 50 s), 0.02 and 0.363 g/ml (51) (Fig. 1A) .
Three glycoproteins are found on the surface of RSV and include the F protein, the G protein, and the SH protein (13) . RSV attachment is primarily mediated by the G protein; however, recombinant viruses lacking G protein or both SH and G proteins are capable of binding and infecting target cells, indicating that F protein alone is capable of specific attachment (48). Alternatively, it is possible that a host transmembrane protein the virus acquires during the budding process mediates attachment in the absence of G protein; however, there is no precedent for this in the literature. It should be noted that the SH protein does not appear to contribute to binding to target cells in vitro (48) . Therefore, it was possible that these antibodies could inhibit F protein-mediated attachment, and yet specific attachment could still occur through the G protein. To address this possibility, this assay was performed with recombinant RSV B viruses with (Fig. 1B) and without G protein (Fig. 1C) . Similar results were observed with these viruses as were observed with RSV A Long, indicating that neither motavizumab nor palivizumab inhibit virus attachment.
Transfer of lipids from RSV to target cells is not inhibited by pretreatment with palivizumab or motavizumab.
A lipidmixing assay to assess virus-to-cell fusion was modified from several reports (36, 39, 45) and included a labeled mock control to account for non-virus-associated events. In this assay, RSV A Long was labeled with R18, a self-quenching lipophilic dye. When the labeled virus fuses with cells, R18 diffuses within the cellular plasma membrane, relieving the selfquenching and resulting in a fluorescent signal that can be detected by flow cytometry. In contrast to previous reports (36, 39, 45), we found that removal of non-virus-associated R18 within the labeled virus stock to be a problem. This issue was revealed by comparison of infections with virus and mock supernatants labeled with R18 (data not shown). Purification of labeled virus and mock stocks on a sucrose gradient was a purification method we found that resulted in a greater signal with virus infection versus mock infection (Fig. 2) . Mock infection resulted in a significant shift in the fluorescent signal detected by flow cytometry compared to uninfected cells, as shown in representative histograms ( Fig. 2A) . However, the geometric mean fluorescence intensity (GMFI) for virus infection was 3-fold greater than the GMFI for mock infection (Fig.  2B) . The GMFI for virus infection was reduced by heparin, an attachment inhibitor (20) , and by infection carried out at 4°C, which allows attachment but not fusion (45) (Fig. 2) , as expected. The GMFI for infections treated with heparin or carried out at 4°C was similar to mock infections treated with heparin or carried out at 4°C (Fig. 2) , indicating that these inhibitors reduced the transfer of R18 from virus to cells to background levels. In addition, these controls show that the same amount of background fluorescence was detected in both mock and virus stocks, which indicates that a similar amount of lipids were added with the mock and virus infections. Infections with virus treated with palivizumab or motavizumab at 100 g/ml (2 to 3 logs above their respective IC 50 (Fig.  2) , indicating the transfer of R18 from virus to HEp-2 cells was not inhibited by these antibodies. Virus transcription is inhibited by pretreatment with palivizumab or motavizumab. To further assess virus entry, a PCR approach designed to exclusively detect transcript and not to detect genome and antigenome was developed. For this assay, total RNA was purified 6 and 24 hpi from HEp-2 cells infected with RSV A Long (MOI of 0.5) pretreated with either palivizumab or motavizumab. In addition, total RNA was purified from infections performed at 4°C and 6 and 24 hpi from control infections with virus pretreated with heparin, ribavirin, or R347, a negative control antibody that does not bind RSV (1) . Purified RNAs were converted into cDNA and analyzed by quantitative PCR for the abundance of NS1 gene transcripts using a 3ЈRACE approach. This approach relies on the use of a first-strand synthesis primer consisting of oligo(dT), which recognizes polyadenylated transcripts, flanked on the 5Ј end by an adaptor primer sequence. This adaptor primer sequence is recognized in the second strand synthesis by a complementary primer, and with the addition of a gene-specific primer, the amplification of specific transcripts is accomplished. The NS1 transcript is the most abundant transcript found in infected cells (14) , which lends greater sensitivity to PCR detection of newly synthesized transcripts. As expected, 350-fold more NS1 transcripts were detected at 24 hpi compared to 6 hpi (data not shown). The results of the virus transcription assay are plotted as the fold increase relative to uninfected HEp-2 cells at 24 hpi (Fig. 3) . Viral transcripts in RNA isolated from HEp-2 cells infected with RSV A Long at 4°C, where virus was attached but not fused, were not detected in 40 cycles of PCR. As expected, and in agreement with published data, little to no NS1 transcripts were detected in RNA isolated from cells infected with virus pretreated with heparin and from cells infected with virus pretreated with ribavirin (Fig. 3) . Infections with virus alone or virus pretreated with control antibody R347 (1) resulted in an ϳ1,000-fold increase in NS1 transcripts over uninfected cultures (Fig. 3) . However, little to no NS1 transcripts were detected in RNA isolated from cells infected with virus pretreated with palivizumab at 10 and 100 g/ml and with motavizumab at all concentrations ranging from 0.1 to 100 g/ml (Fig. 3) . These results, taken together with the results of the attachment assay and lipid-mixing assay, indicate that palivizumab and motavizumab inhibit a step in virus replication that occurs after initial F protein interaction with the target cell membrane and before virus transcription. In addition, these data correlate to previous reports that show motavizumab is more potent than palivizumab (51) .
RSV F protein mediated cell-to-cell fusion is inhibited by palivizumab and motavizumab. In order to better assess the process of fusion by F protein, a quantitative assay to measure F protein mediated cell-to-cell fusion was developed in a manner similar to that described in previous reports for RSV and other viruses (8, 16, 19, 24) . The TREx-F cell line was created, which maintains tetracycline-inducible expression of RSV F protein. This cell line was modified by stable transfection with vectors that encode either a green fluorescent protein or a red fluorescent protein to produce the cell lines TREx-F green and TREx-F red. Tetracycline induction of F protein expression led to cell-to-cell fusion in TRex-F red and green cell coculture within 50 h. Fluorescence microscopic examination showed syncytium formation containing both green and red fluorescent proteins, appearing as yellow in merged images, in the presence of tetracycline, but not in TRex-F red and green cell coculture that did not receive tetracycline treatment (Fig. 4A) . Cell-to-cell fusion was quantitated by flow cytometry, measured as cells double positive for both green and red fluorescent proteins. A 5-fold increase in the amount of fused, double-positive cells was detected between cultures with or without tetracycline treatment (Fig. 4B) . This assay was also performed using a TREx-CAT (cells transfected with a control vector that encodes the CAT gene) green cell line at 1:1, 2:1, 5:1, and 10:1 ratios with the TREx-F red cell line. This configuration of the assay resulted in 50% fewer cell-to-cell fusion events detected at the 1:1 ratio and, as the ratio increased, the amount of fusion events decreased to undetectable (data not shown). These results indicate that a 1:1 coculture of the TREx-F green and TREx-F red cell lines is the optimal configuration for this assay. Titrated amounts of palivizumab or motavizumab were added to the cultures at the same time tetracycline was added to determine whether these antibodies inhibit cell-to-cell fusion. Flow cytometric analysis revealed both palivizumab and motavizumab reduced the amount of fused, double-positive cells to background levels in a dosedependent manner (Fig. 4B) . These results indicate palivizumab and motavizumab inhibit F protein-mediated fusion. Again, motavizumab had greater potency than palivizumab in this assay, as previously reported (51) .
Neither palivizumab nor motavizumab inhibits virus budding. Although not a classically defined mechanism of viral neutralization by antibodies (28) , virus budding is another possible step in RSV replication that these antibodies may impact. Palivizumab (53) and motavizumab (data not published) bind to F protein on the surface of RSV-infected cells. In addition, F protein is one of the minimally required RSV-encoded pro- teins necessary to produce infectious virus particles (49) . Therefore, binding of antibodies to F protein may interfere with the budding process. An assay was developed to test this possibility. In this assay, HEp-2 cells were infected with RSV A Long at an MOI of 0.5 for 1 h, at which point the inoculum was replaced with normal growth medium. Treatments were added to the infections 6 hpi, a time point at which virus fusion is complete and viral transcription is initiating as previously shown (6, 48) . Supernatants were collected at 27 to 29 hpi, before extensive cell lysis was apparent based on microscopic examination of the infected, untreated cultures. As determined earlier in the present study, the presence of palivizumab or motavizumab prevents virus fusion, and therefore any assay that relies on infection, such as a plaque assay, was prohibited by the presence of these antibodies. Therefore, a quantitative PCR approach was developed to detect genome and antigenome, both of which are encapsidated and presumably found in budded virus particles (38) , but not viral gene transcripts.
There was a significant difference in the extent of syncytia formation between antibody treated and untreated infections in these cultures (data not shown), which was most likely due to the inhibition of fusion by palivizumab and motavizumab. This was a concern in the development of this assay, since this observed difference in syncytium formation, and the extent of cell lysis, which seems to occur simultaneously, could result in a difference in the release of nucleic acids, including viral nucleic acids, into the supernatant that are not associated with virus budding and potentially skew the results. To account for this, the assay was performed as a relative quantitation for RSV genome and antigenome normalized to the amount of GAPDH in the reaction. It should be noted that GAPDH transcripts were more abundant in the supernatants of infected cells compared to the supernatants of infected cells treated with motavizumab or palivizumab (data not shown). This observation suggests that even at these early stages of syncytium formation, a certain level of cell lysis does occur. As expected, a 17-fold reduction in cell-free virus was observed with this assay in the supernatants of infected cultures treated with 100 M ribavirin (twice its IC 50 ) (56) (Fig. 5) . However, there was only a 1.7-fold reduction in cell-free virus, and no dose-dependent effect was observed in infected cultures treated at 6 hpi with palivizumab or motavizumab (Fig. 5) . Therefore, these antibodies do not appear to inhibit virus budding; however, it is possible that a specific type of viral particle morphology that is strictly cell associated may be blocked by these antibodies and are of interest for future studies.
DISCUSSION
The objective of this study was to determine the mechanism of action of palivizumab and motavizumab on specific step(s) in RSV replication. The classically defined mechanisms by which antibodies neutralize virus include blocking virus attachment or inhibiting virus entry (29) . In the present study, the attachment assay performed with RSV and RSV⌬G showed palivizumab and motavizumab did not inhibit RSV attachment to target cells in the presence or absence of G protein (Fig. 1) . A lipid-mixing assay was chosen to measure RSV fusion with target cells, since this assay has been used to measure fusion for a variety of enveloped viruses including vesicular stomatitis virus, influenza, Sendai virus, human immunodeficiency virus, mumps virus, vaccinia virus, Epstein-Barr virus, and respiratory syncytial virus as reviewed by Blumenthal et al. (5) . The results of the lipid-mixing assay showed that neither palivizumab nor motavizumab prevented the transfer of R18 from virus to target cells during infection, indicating that lipid mixing occurred (Fig. 2) . These results were surprising, since virus attachment was not blocked by these antibodies and it was anticipated that a block in virus fusion would be detected. However, detection of lipid mixing may only indicate that the process of fusion initiated and may not account for complete virus fusion based on current modeling of the fusion process as reviewed previously (29) . Although these results indicate that palivizumab and motavizumab permit the transfer of R18 from virus to target cell, it was still possible that these antibodies may block completion of virus fusion. Therefore, it was important to test whether these antibodies block virus entry.
An assay to detect newly synthesized viral nucleic acids was developed to further assess whether palivizumab or motavizumab block virus entry. The results of the virus transcription assay showed virus pretreated with neutralizing concentrations of palivizumab or motavizumab (51) reduced NS1 transcripts in a dose-dependent manner (down to undetectable levels) (Fig. 3) . These results, in addition to the results of the virus attachment assay and the lipid-mixing assay, indicate palivizumab and motavizumab block a step in virus replication after virus attachment and before virus transcription. This is in contrast to a previous report showing that viral transcripts were detected in cells when virus is pretreated with up to 600 g of palivizumab/ml (6) . However, differences between how the assays were performed most likely explain the contrasting results. In the study by Boukhvalova et al. (6) , pretreated virus was allowed to adsorb to the cells for 1 h, the inoculum was removed, the cells were washed twice with PBS, and medium that did not contain palivizumab was added to the cells for the remainder of the infection (M. Boukhvalova, unpublished data). In the present study, pretreated virus was allowed to adsorb to the cells for 1 h, the inoculum was removed, and medium containing antibody was added to the cells for the remainder of the infection. The washes and addition of medium that did not contain palivizumab in the Boukhvalova et al. study (6) most likely reduced the concentration of the antibody below its effective concentration. Similar to the work by Boukhvalova et al. (6), we observed loss of neutralization when virus pretreated with neutralizing amounts of palivizumab or motavizumab was subsequently diluted in medium that does not contain antibody and used to infect cells (data not shown).
A cell-to-cell fusion assay was developed as another approach to examine fusion. The results of the cell-to-cell fusion assay showed that palivizumab and motavizumab inhibit cellto-cell fusion in a dose-dependent manner (Fig. 4B) . In addition, motavizumab maintained a greater potency than palivizumab in this assay (Fig. 4B) , which is consistent with previous reports (51) . The only difference between virus-to-cell fusion and cell-to-cell fusion reported to date is that RhoA signaling is required for F protein-mediated cell-to-cell fusion but dispensable for virus-to-cell fusion (19) . It appears that cell-tocell fusion most likely proceeds in a manner similar to that of virus-to-cell fusion, and therefore we conclude that these re- sults also suggest that the block to virus entry is virus-to-cell fusion.
The results of the present study illustrate that, aside from a difference in potency, both palivizumab and motavizumab neutralize RSV by blocking virus-to-cell and cell-to-cell fusion but do not affect virus attachment or virus budding. Inhibition of virus entry, either through blocking attachment or blocking fusion, is a common mechanism of action reported for virusneutralizing antibodies, as previously reviewed (29) . In addition, neutralizing antibodies to similar viral fusion proteins such as influenza virus and HIV also block fusion (2, 3, 17, 25, 32, 47) . Another common mechanism of action reported for virus-neutralizing antibodies is through Fc-related functions of the antibody (29) . However, it remains to be determined whether the Fc portion of the antibody also contributes to virus neutralization. Finally, the stoichiometry of antibody and virus required for neutralization seems to play a role in the mechanism of action for virus-neutralizing antibodies (29) . Future studies are needed to address the stoichiometric requirements for neutralization of RSV by motavizumab and palivizumab, which are anticipated to be complicated by the pleiomorphic nature of RSV virions (13) .
When considered in the context of an adapted model for F protein-mediated fusion (28) , which is based on the proposal that conformational changes in the F protein fuel this process, as reviewed by Lamb and Jardetzky (28) and as suggested by structural data for the RSV F protein (10, 31, 35, 40, 44, 57) , the results of the attachment assay and lipid-mixing assay indicate that the transition from prefusion to prehairpin conformations of F protein is not inhibited by palivizumab or motavizumab and that these antibodies block a conformational change in F protein beyond this stage of fusion (Fig. 6) . The lipid-mixing assay may indicate that the hairpin conformation, which is the point at which lipid mixing occurs, is achieved in the presence of these antibodies and that palivizumab and motavizumab block the transition from a hairpin conformation to a postfusion conformation. However, several reports suggest that R18 can passively transfer from virus to target cell by shear proximity of the membranes (5, 36, 46, 54, 55) . Therefore, it is possible that R18 may transfer from virus to target cell upon the initial interaction of the F protein with the target cell membrane or the prehairpin conformation. Further studies are needed to examine whether these antibodies block the transition from prehairpin to hairpin conformations or between hairpin and postfusion conformations, which could also add to the understanding of what drives F protein-mediated fusion. In this context, these results are consistent with the conclusion, drawn from the recently reported crystal structure of motavizumab bound to an epitope-derived peptide, that motavizumab prevents the conformational changes of F protein required for fusion (33) . Overall, the results of our study help to shed light on the mechanism by which palivizumab and motavizumab neutralize RSV. FIG. 6 . Model for the proposed mechanism of action of palivizumab and motavizumab. The diagram shows proposed progression of the conformational changes in F protein that are proposed to fuel the process of fusion (28) . The attachment assay results showed that palivizumab and motavizumab did not inhibit the transition from the prefusion to prehairpin conformation. The lipid-mixing assay results suggest that palivizumab and motavizumab do not inhibit the transition to either the prehairpin or hairpin conformations, as described in the text. The virus transcription assay and the cell-to-cell fusion assay showed that palivizumab and motavizumab inhibited fusion at either the transition from the prehairpin-to-hairpin conformation or the hairpin-topostfusion conformation. HR-N and HR-C denote the F protein Nterminal and C-terminal heptad repeats, respectively. 
